B
otulinum neurotoxins (BoNTs) are produced by several Clostridium botulinum species and are the most toxic proteins for humans (1) . BoNTs act at peripheral motor neurons to inhibit acetylcholine secretion across synaptic clefts to muscle (2) . BoNT paralysis of respiratory musculature can last for several months and may be lethal (3) . Due to this extreme potency and neuronal specificity, BoNTs are also used in local injections for treatment of spastic muscle disorders and, more recently, regulation of autonomic cholinergic junctions and pain management (reviewed in references [4] [5] [6] . BoNT/A was the first serotype utilized to treat human neurological diseases. BoNT/B has also been approved for several human therapies, and other BoNT serotypes are being evaluated as potential therapeutics.
Two factors drive BoNT specificity for motor neurons: neuronal receptors and cleavage of neuronal substrates. BoNTs are 150-kDa di-chain proteins comprising a 50-kDa light chain (LC) and a 100-kDa heavy chain (HC) linked by a disulfide bond (7, 8) (Fig.  1A) . The HC has two domains: the N-terminal translocation domain (HCT) and the C-terminal receptor binding domain (HCR) (9) . For BoNT/A, the HCR binds a ganglioside and synaptic vesicle glycoprotein 2 (SV2) as receptors to enter neurons (10) (11) (12) . The BoNT-receptor complex is endocytosed into the synaptic vesicle cycling pathway, where the HCT delivers the LC into the neuronal cytosol via a pH-dependent mechanism (13, 14) . LC/A cleaves a synaptosome-associated protein of 25 kDa (SNAP25) which is required for synaptic vesicle fusion to the plasma membrane (15, 16) .
BoNT/A binds the ganglioside GT1b via the terminal 5=-sialic acid and galactose through eight residues, identified in the structure of a complex of HCR/A with the GT1b sugar moiety (17) . The ganglioside binding pocket (GBP) is lined with residues Y1117, E1203, F1252, H1253, S1264, W1266, S1275, and R1276. The imidazole ring of H1253 makes a hydrogen bond with the 6=-OH of Gal4, while the indole ring of W1266 stacks on the adjacent side of the galactose ring. Y1117 and R1276 interact with the terminal 5=-sialic acid, while Y1267 and G1279 line the back of the GBP but do not contact the ganglioside directly. Several of these residues comprise the E. . .H. . .SXWY. . .G motif identified in most BoNT serotypes and the tetanus toxin (18) . Mutation of residues within the GBP affects ganglioside binding affinity. For example, BoNT/ A(W1266L) had 0.7% of the toxicity of wild-type BoNT/A in a paralytic half-time assay (18) . Mutations in the analogous tryptophan in the lactose binding pocket (GBP equivalent) of tetanus toxin also reduced ganglioside binding affinity (19, 20) .
BoNT toxoid vaccines have been used for individuals at risk for exposure, including health care providers, researchers, first responders, and military personnel (21) . The earliest vaccines were generated by formalin inactivation, similar to the current tetanus vaccine (22) and the pentavalent (ABCDE) botulinum toxoid vaccine (23) . However, the pentavalent vaccine has lost efficacy during storage and was recently discontinued after more than 30 years of use (24) . In 2002, Torii et al. reported the generation of an ABEF toxoid vaccine, which is currently used to immunize at-risk workers in Japan (25, 26) .
In humans that generate antibody responses to BoNT/A therapy, most of the immune epitopes are located within the HC (27, 28) . Animal vaccination studies also implicated major immune epitopes within the HC (28, 29) . Recombinant HCR subunit vaccines are currently being evaluated (29, 30) . The recombinant botulism vaccine for BoNT/A and BoNT/B (rBV A/B) consists of the HCR domains that are expressed in Pichia pastoris (31) . This vaccine is currently in early clinical trials; passive immunization in animal models from neutralizing antibodies generated in humans improved survival with BoNT challenges (32) . Previously, our lab engineered a vaccine composed of the HCR domains of each of the seven BoNT serotypes which protected against challenge by each respective holotoxin (33) . A lack of cross-neutralization is consistent with the observation that immunoreactive epitopes appear to be distinct for different serotypes, as reported for BoNT/A and BoNT/B (30, 34) .
Efforts to improve upon tetanus vaccines involved deletion and subsequent site-directed mutation to the ganglioside binding residues (35) . In addition, evidence exists that the HCR C-terminal subunit, which still binds GT1b, is inefficient at eliciting protective immunity (36) . More recently, HCR/A(W1266L/Y1267S) was shown to protect mice from BoNT challenge (37) . While the study made important findings for understanding the entry pathways for BoNT/A across mucosas and neurons, the di-mutations used may have had perturbed structural integrity within the ganglioside binding site (17) and the high-dose vaccinations complicated assessment of vaccine potency. The current study utilizes a single-point-mutated HCR/A, HCR/A(W1266A), which lacked detectable binding to neurons without perturbing protein structure. HCR/A(W1266A) elicited a more protective immune response to BoNT/A challenge than HCR/A in a mouse model of intoxication. Thus, disruption of ganglioside binding improves the effectiveness of recombinant HCR/A as a vaccine against botulism while limiting the possibility of off-target toxicity.
MATERIALS AND METHODS

Construction of HCR expression vectors.
DNA encoding the HCR domain of BoNT/A subtype A1 (residues 870 to 1,296) was synthesized (EZBiolab, Inc., Westfield, IN) with optimal codon bias for Escherichia coli expression. The DNA fragment was amplified and subcloned into unique KpnI and NotI restriction sites of a modified pET28 vector (Novagen) containing either a 3ϫFLAG epitope or a triple hemagglutinin (HA) epitope downstream of the His (6) epitope. A point mutation (W1266A) was made by site-directed mutagenesis (Agilent Technologies, Santa Clara, CA). pET28-3ϫFLAG-His 6 -HCR/A and pET28-3ϫFLAG-His 6 -HCR/A(W1266A) were transformed into BL21(DE3) (Agilent Technologies, Santa Clara, CA) for protein expression.
HCR purification. E. coli BL21(DE3) pET28a-3ϫFLAG-HCR/A, pET28a-3HA-HCR/A, and pET28a-3ϫFLAG-HCR/A(W1266a) were grown overnight on LB plates with 50 g/ml kanamycin and inoculated into LB medium (400 ml) containing the same antibiotic at 30°C for 2 h at 250 rpm to an optical density at 600 nm (OD 600 ) of ϳ0.6 when 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) was added, followed by an overnight culture at 250 rpm and 16°C. Cells were harvested, and pellets were suspended in 20 mM Tris-HCl (pH 7.9), 0.5 M NaCl, and 5 mM imidazole. Cells were lysed with a French press and clarified by centrifugation and filtration (cellulose acetate). HCR/A proteins were purified from the filtered lysate using Ni 2ϩ -nitrilotriacetic acid (NTA) resin (Qiagen) equilibrated in lysis buffer. The column was washed with 20 mM Tris-HCl (pH 7.9), 0.5 M NaCl, and 10 mM imidazole, followed by another wash with 20 mM Tris-HCl (pH 7.9), 0.5 M NaCl, and 20 mM imidazole. Proteins were eluted with 20 mM Tris-HCl (pH 7.9), 0.5 M NaCl, and 250 mM imidazole. The NTA eluent was purified on a S200HR size exclusion Sephacryl (600-ml column; Sigma) equilibrated in 20 mM Tris-HCl (pH 7.9), 0.2 M NaCl, and 0.1% Triton X-100. Peak fractions were pooled and applied to a fresh Ni 2ϩ -NTA resin (Qiagen) equilibrated in lysis buffer. This column was washed, and HCRs were eluted with the buffers described above. Eluent was then dialyzed into 10 mM Tris-HCl (pH 7.9), 0.2 M NaCl, and 40% (vol/vol) glycerol and stored at Ϫ20°C.
HCR binding and entry into neurons. E18 rat cortical neurons (BrainBits, LLC) were dissociated and plated on poly-D-lysine-and laminin-coated glass-bottom dishes (MatTek). Cells were cultured in neurobasal medium (Life Technologies) supplemented with 0.5 mM GlutaMAX-I (Life Technologies), 2% B27 supplement (Life Technolo- gies), and Primocin (InvivoGen). Cells were cultured for 10 to 14 days to allow morphological differentiation.
(i) HCR/A binding and entry. Cells were washed in Dulbecco's phosphate-buffered saline (DPBS), and 40 nM HCR was incubated in 500 l buffer (15 mM HEPES, 145 mM NaCl, 2.2 mM CaCl 2 , 0.5 mM MgCl 2 , pH 7.4) supplemented with either low potassium (5.6 mM KCl) or high potassium (56 mM KCl).
(ii) Serum neutralization. HA-HCR at 40 nM was preincubated with serum dilutions of 1:50 to 1:400 for 30 min at 4°C and then warmed to 37°C prior to incubation with neurons. HCRs were incubated with neurons for 5 min. Cells were washed, fixed with PBS and 4% (wt/vol) paraformaldehyde, permeabilized with 0.1% Triton X-100 and 4% (vol/vol) formalin, and incubated with 150 mM glycine. For immunofluorescence, cells were blocked in 10% (vol/vol) fetal bovine serum, 2.5% (wt/vol) cold fish skin gelatin, 0.1% Triton X-100, 0.05% Tween 20 in DPBS, and the primary antibodies mouse ␣-FLAG (Sigma), rat ␣-HA (Roche), or guinea pig ␣-synaptophysin (Synaptic Systems) and incubated overnight at 4°C in 5% (vol/vol) fetal bovine serum, 1% (wt/vol) cold fish skin gelatin, 0.1% Triton X-100, and 0.05% Tween 20 in DPBS. Cells were washed 3 times and incubated for 1 h in the secondary antibodies goat ␣-mouse Alexa561 or goat ␣-rat Alexa561 and goat ␣-guinea pig Alexa488 (Life Technologies). Finally, cells were washed and fixed and mounting reagent CitiFluor AF3 (Electron Microscopy Sciences) was added to each well. Images were captured on a Nikon TE2000 total internal reflection fluorescence (TIRF) microscope equipped with a CFI Plan Apo VC ϫ100 oil, numerical aperture (NA) 1.49-type objective using a Photometrics CoolSnap HQ2 camera. Image analyses were performed using ImageJ.
Crystallization and structure of HCR. HCR/A(W1266A) was dialyzed and concentrated to 10 mg/ml in 10 mM Tris-HCl (pH 7.6) and 50 mM NaCl. The hanging drop method of vapor diffusion was employed for crystallization of protein. Crystals were grown at 19°C. Crystals were grown in buffer containing 100 mM HEPES (pH 7.5), 12.5% (wt/vol) polyethylene glycol 3350 (PEG 3350), and 100 mM NaCl. Diffraction data of HCR/A(W1266A) were collected using an R-AXIS IVϩϩ with a MicroMax 007 generator at 100 K. HKL2000 (38) was used for data processing. Data collection and processing statistics are summarized in Table  1 . The structure of HCR/A(W1266A) was solved by the molecular replacement method using the PHASER (39) program and using the structure of HCR/A (residues 875 to 1,295; protein data bank [PDB] code 3FUO) (40) as the search model. The initial structure obtained from molecular replacement trials was refined using the program CNS (41) . The refinement procedure consisted of rigid body and positional refinement followed by a simulated annealing protocol. Iterative refinement rounds were followed by manual fitting and rebuilding with COOT (42) was used to convert the images to numerical values using densitometry. For each serum, signals obtained from the control proteins 3ϫF-HCR/ Tetanus toxin (3ϫF-HCR/TeNT) and LC/Tetanus toxin (LC/TeNT) were subtracted. 3ϫF-HCR/TeNT was used to negate cross-reactivity to the 3ϫF tag, and LC/TeNT was used to blank cross-reactivity. The control serum signal varied with each serum and was Ͻ10% of the signal detected for HCR/A derivatives. Signals were proportional to serum dilutions in a dose range and time of imaging, allowing a determination of the relative HCR-specific IgG signal as a function of survival to BoNT challenge. Values reported were uniformly divided by 100 and are reported as arbitrary units. Statistical analysis between sets of data was assessed by the Student t test (GraphPad Prism 5).
RESULTS
The crystal structure of HCR/A(W1266A) is the same as that of wild-type HCR/A. The crystal structure of HCR/A in complex with the sugar moieties of GT1b (17) revealed the residues that contact/interact with the ganglioside, including W1266, which is located within the GBP region (Fig. 1B) . The crystal structure of HCR/A(W1266A) was solved to 2.3 Å. The electron density for the entire HCR/A(W1266A) molecule except the first five N-terminal residues (plus the FLAG/His 6 epitopes) and two internal residues located in the loop areas is visible in the structure, indicating that the long FLAG/His 6 tag is flexible and does not influence the structure of the rest of the protein. This also ensures that the FLAG tag is exposed for the immunofluorescence assays. The folding of HCR/A(W1266A) is virtually identical to that of wild-type HCR/A. Furthermore, the GBP architecture was also conserved despite the absence of the indole R group (Fig. 1C) . The root mean square deviation (RMSD) value between HCR/A and HCR/ A(W1266A) was 0.4 Å for 416 C␣ atoms, indicating conservation of overall structure (Table 1 ). This predicted that the linear and conformational epitopes, except those that included W1266, should be conserved between wild-type HCR/A and HCR/ A(W1266A). HCR/A(W1266) does not enter neurons. HCR/A entry into neurons was tested using cultured embryonic day 18 rat cortical neurons. Dong et al. showed that BoNT/A enters cells through synaptic vesicle exocytosis that was stimulated by membrane depolarization with a high-potassium buffer containing CaCl 2 (12) . Therefore, cells were incubated with either HCR/A or HCR/ A(W1266A) for 5 min in either a low-potassium buffer (resting conditions) or a high-potassium buffer to stimulate membrane depolarization. While HCR/A uptake was significantly greater when incubated in high-potassium buffer than when incubated in low-potassium buffer, HCR/A(W1266A) binding did not increase upon incubation in high-potassium buffer (depolarizing conditions) (Fig. 2) . HCR/A colocalization with the synaptic vesicle marker synaptophysin1 (Syp1) was measured using Pearson's correlation coefficients. HCR/A colocalization with Syp1 significantly increased upon incubation in high-potassium buffer, indicating entry into neurons using the synaptic vesicle pathway (data not shown) (43) . In contrast, HCR/A(W1266A) colocalization with Syp1 was low under resting or depolarizing buffer conditions. This showed that HCR/A(W1266A) cell association was significantly impaired compared to that of wild-type HCR/A. HCR/A(W1266A) elicits a protective immune response to BoNT/A challenge. Mice were vaccinated with 1.0 g or 0.1 g of HCR/A or HCR/A(W1266A) on days 1 and 14 and challenged with 1,000 LD 50 of BoNT/A on day 28. Survival was scored after 4 days ( Table 2 IgG titers following HCR immunization. IgG titers were compared between mice vaccinated with HCR/A and mice vaccinated with HCR/A(W1266A), using a dot blot to detect antibodies that bound both linear and conformational epitopes. Both HCR/A and HCR/A(W1266A) were spotted onto nitrocellulose membrane to use as probes for reactivity from sera from each vaccine group. Under the experimental conditions used, antibody titers were proportional to the dilution for each vaccine group, allowing assessment of antibody titers elicited by each vaccination. Serum titers from the high-dose vaccination (1.0 g) with HCR/A and HCR/A(W1226A) were similar (Fig. 3A) .
Serum titers from the low-dose vaccination (0.1 g) with HCR/A and HCR/A(W1226A) correlated with the survival to challenge by BoNT/A. Serum titers of mice vaccinated with HCR/A that did not survive BoNT/A challenge were approximately 1,000-fold lower than those of mice that survived challenge. This indicates that for 7 of 20 mice, protective immunity was not generated or the response had not yet matured (Fig. 3B ). Mice vaccinated with 0.1 g of HCR/A(W1266A) survived BoNT/A challenge. Of note, the antibody titers were not signifi- HCR/A(W1266A) at 40 nM was incubated with rat primary cortical neurons for 5 min in either low potassium (5.6 mM) as a resting condition or high potassium (56 mM) to stimulate synaptic vesicle cycling. Cells were stained for 3ϫFLAG (HCR) and synaptophysin1. (Bottom) Ten fields were imaged, and the average intensity of 3ϫFLAG-HCR was normalized to the synaptic vesicle marker synaptophysin1. cantly different for the surviving mice vaccinated with either wildtype HCR/A or HCR/A(W1266A). Therefore, while HCR/A was a less-efficacious vaccine than HCR/A(W1266A) in a population study, mice vaccinated with HCR/A that survived BoNT/A challenge generated a protective IgG titer similar to that of mice vaccinated with HCR/A(W1266A) (Fig. 3B) . With a low-dose vaccination, regardless of the vaccine administered, dot blot analysis shows that serum titers measured using HCR/A(W1266A) as an antigen were significantly higher than those using HCR/A as an antigen (Fig. 3B ). This trend was not observed in sera from mice vaccinated with a high (1.0 g) dose (Fig. 3A) .
Antibodies generated against HCR/A and HCR/A(W1266A) block the binding of HCR/A to neurons. Sera from 2 mice vaccinated with the high dose of HCR/A or HCR/A(W1266A) that survived BoNT/A challenge were pooled to give identical ␣-HCR IgG titers. Sera were tested for potency to block the binding of HCR/A to neurons. Serum dilutions (1:50 to 1:400) were preincubated with 40 nM wild-type HCR/A and added to neurons in high-potassium buffer to stimulate HCR/A entry. At each dilution tested, the potencies of the two antisera to block HCR/A entry were similar, except at 1:200, for which blockage of HCR/A entry by ␣-HCR/A sera was ϳ3-fold more potent than that by the sera from ␣-HCR/A(W1266A)-vaccinated mice (Fig. 4) . Preimmune sera did not reduce HCR/A entry into neurons. This indicates that both HCR/A and HCR/A(W1266A) stimulated the production of antibodies that blocked receptor binding.
DISCUSSION
In this study, we determined that elimination of receptor binding by a single amino acid substitution (W1266A) improved efficacy of the subunit HCR/A vaccine against BoNT/A challenge. Vaccine protection paralleled quantitative antibody titers. HCR/ A(W1266A) elicited a potent protective response without eliciting a higher neutralizing antibody titer to HCR-receptor binding than that elicited by wild-type HCR/A. This suggests that neutralizing capacity for BoNT intoxication need not parallel potency to neutralize HCR-receptor interactions. While recombinant HCRs are candidate BoNT vaccines, each variant retains an ability to bind and enter neurons that is similar to that of the native holotoxin (29, 33, 42) , and possible physiological consequences of recombinant HCRs entering motor neurons are unknown. By eliminating receptor binding, HCR/A retains its protective ability and even appears to be a more protective immunogen than wild-type HCR while eliminating chance side effects and sequestration from immune detection. The basis for the increased efficacy of the modified HCR is likely due to increased circulating immunogen due to the elimination of receptor binding, since the W1266A mutation did not cause an apparent change in the protein structure (Fig. 1) . This would stimulate a quicker immune response relative to that of the wild-type HCR.
The W-to-A mutation was chosen for these studies based upon the desire to eliminate all R group interactions with galactose of GT1b (Fig. 1B) . Since W is conserved within the GBPs of BoNT serotypes A, B, E, F, G and tetanus toxin (17, 20, (44) (45) (46) (47) , we propose that this mutation can be introduced into each HCR serotype to generate a potentially less reactive but more potent vaccine. In addition, since BoNT/C and BoNT/D possess comparable aromatic residues within another ganglioside binding loop within the HCR (48, 49) , we propose that the respective W and F may be modified to A to reduce potential reactivity and enhance vaccine potency. The inadvertent hazard of retaining ganglioside binding was reported during the development of the cholera toxin B subunit in adjuvant development (50) .
Antibody-mediated protection to BoNTs works by three mechanisms: (i) IgA antibodies generated at mucosal surfaces prevent transcytosis across gut epithelia and block entry into circulation, (ii) IgA and IgG bind BoNTs in circulation and mark toxins for clearance by phagocytic immune cells, and (iii) specific antibodies bind in the vicinity of the receptor binding sites and block neuronal receptor interaction (termed a neutralizing antibody) (51) (52) (53) . In addition, neutralizing antibodies that target the light chain of BoNT/A through another mechanism, potentially by preventing translocation of the LC but not endocytosis of the holotoxin, have been found (54) (55) (56) . Numerous epitopes on both the N-and C-terminal regions of HCR/A have been described, and neutralizing activity is absent from antibodies that target the N terminus, distal to the GBP (17, 30, 57, 58) .
The greater titer of the ␣-HCR/A sera for blocking HCR binding may reflect a higher affinity of ␣-HCR/A antibody for the homologous HCR relative to ␣-HCR(W1266A) antibody, since the two sera had similar IgG titers to HCR/A. This also suggests that BoNT neutralizing epitopes may not exclusively block the binding of HCR to receptor. Therefore, antibodies generated to the HCR/A(W1266A) vaccine likely mark circulating BoNT/A for clearance and inhibit receptor recognition. This is consistent with the observation that BoNTs can be cleared by combinations of monoclonal antibodies that do not neutralize toxin activity (59) . Furthermore, work by Atassi and his coworkers identified the peptide composing the GPB as a minor yet reproducible immunological epitope, though dominant epitopes varied by species (58) .
HCR/A(W1266A) is a candidate BoNT/A vaccine, since this protein elicited a more potent immune response than wild-type HCR/A at a low-dose vaccination. The inability of HCR/ A(W12266A) to enter neurons reduces the potential for off-target toxicity via retrograde trafficking to the central nervous system (60) , enhancing the utility of a vaccine.
